The rare-earth fluoride borate LaB 2 O 4 F was synthesized under high-pressure/high-temperature conditions of 1.1 GPa and 1300 • C in a Walker-type multianvil apparatus from lanthanum oxide, lanthanum fluoride, and boron oxide. The single-crystal structure determination revealed that LaB 2 O 4 F is isotypic to CeB 2 O 4 F. The compound crystallizes in the orthorhombic space group Pbca (no. 61) with eight formula units and the lattice parameters a = 8.2493(9), b = 12.6464(6), c = 7.3301(5)Å, V = 764.7(2)Å 3 , R 1 = 0.0354, and wR 2 = 0.0474 (all data). The structure exhibits a 9+1 coordinated lanthanum cation, one threefold coordinated fluoride ion and a chain of corner-sharing [BO 3 ] 3− groups. In addition to the IR-and Raman-spectroscopic investigations, DFT calculations were performed to support the assignment of the vibrational bands.
Introduction
In the past, our research using the multianvil highpressure technique provided us with a variety of new borates with fascinating structures [1] . More recently we extended our interests into the field of rare-earth fluoride and fluorido borates. The difference between these two classes of compounds concerns the different chemical bonding situation of the fluorine atoms. Fluoride borates possess fluoride anions while in fluorido borates the fluorine atoms are covalently bonded to a boron atom (old designation: fluoroborate). Interestingly, no fluorido borate could be synthesized under high-pressure conditions up to now. Due to the high flexibility of the BO 3 and BO 4 groups to form structures with isolated BO 3 and BO 4 groups, discrete groups (e. g. [B 3 O 6 ] 3− ), chains, layers, or complicated networks via the linkage of the corners of the groups or via edge-sharing of BO 4 tetrahedra, it is more than likely that a large number of new compounds with interesting properties can be expected in the future. At the beginning of our research in the field of fluoride borates, the system RE-B-O-F was only represented by the rare-earth fluoride borates RE 3 (BO 3 ) 2 F 3 (RE = Sm, Eu, Gd) [2, 3] and Gd 2 (BO 3 )F 3 [4] . These compounds were synthesized under ambient-pressure conditions by heating stoichiometric mixtures of RE 2 O 3 , B 2 O 3 and REF 3 . A closer look into the class of rare-earth fluoride borates shows various compounds for the rare-earth cations Pr 3+ -Nd 3+ and Sm 3+ -Yb 3+ . In contrast, the rare-earth cations La 3+ and Ce 3+ are represented in each case by only a single compound namely La 4 B 4 O 11 F 2 [5] and CeB 2 O 4 F [6] , respectively. In fact, a lutetium fluoride borate is unknown up to now. For this reason, we focused our research on rare-earth fluoride borates with the cations La 3+ , Ce 3+ , and Lu 3+ . In this work, we report on the high-pressure/high-temperature synthesis of LaB 2 O 4 F, wherewith we discovered the first isotypic compound of the recently published cerium fluoride borate CeB 2 O 4 F [6] . Because of the relatively mild pressure conditions, all boron atoms of the compound LaB 2 O 4 F are coordinated by three oxygen atoms, forming trigonal-planar [BO 3 ] 3− groups, which are connected to chains. In the following, we describe the synthesis, the single-crystal structure determination, and Raman-, and IR-spectroscopic investigations of LaB 2 O 4 F as well as quantum-chemical calculations of harmonic vibrational frequencies.
Experimental Section

Synthesis
The new lanthanum fluoride borate LaB 2 O 4 F was synthesized from a stoichiometric mixture of La 2 O 3 , B 2 O 3 , and LaF 3 (all chemicals from Strem Chemicals, Newburyport, USA 99.9+%) according to Eq. 1.
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The starting materials were finely ground and filled into a boron nitride crucible (Henze BNP GmbH, HeBoSint ® S100, Kempten, Germany). The boron nitride crucible was placed into an 18/11-assembly and compressed by eight tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Austria). To apply the pressure, a 1000 t multianvil press with a Walker-type module (both devices from the company Voggenreiter, Mainleus, Germany) was used. A detailed description of the assembly preparation can be found in refs. [7 -11] . In detail, the 18/11 assembly was compressed up to 1.1 GPa in 35 min and heated to 1300 • C (cylindrical graphite furnace) in the following 10 min, kept there for 8 min and cooled down to 450 • C in 20 min at constant pressure. After natural cooling down to room temperature by switching off the heating, a decompression period All efforts to synthesize LaB 2 O 4 F under ambient pressure conditions were in vain. The high-temperature syntheses were performed in boron nitride crucibles (Henze BNP GmbH, HeBoSint ® S100, Kempten, Germany) which were placed into silica glass tubes. These assemblies were heated under ambient pressure conditions in a tube furnace from the company Carbolite.
Crystal structure analysis
The powder diffraction pattern was obtained in transmission geometry, using a Stoe Stadi P powder diffractometer with Ge(111)-monochromatized MoK α1 (λ = 70.93 pm) radiation. Fig. 1 shows the experimental powder pattern of LaB 2 O 4 F that matches well with the theoretical pattern simulated from the single-crystal data. Small single crystals of LaB 2 O 4 F were isolated by mechanical fragmentation. The single-crystal intensity data were collected at room temperature using a Nonius Kappa-CCD diffractometer with graphite-monochromatized MoK α radiation (λ = 71.073 pm). A semiempirical absorption correction based on equivalent and redundant intensities (SCALEPACK [12] ) was applied to the intensity data. All relevant details of the data collection and evaluation are listed in Table 1 Table 2 . Atomic coordinates and equivalent isotropic displacement parameters U eq (Å 2 ) of LaB 2 O 4 F (space group: Pbca). All atoms are positioned on the Wyckoff site 8c. U eq is defined as one third of the trace of the orthogonalized U ij tensor (standard deviations in parentheses).
0.008(2) 0.008(2) 0.019(2) 0.000(2) 0.000(2) 0.0008 (9) 
Vibrational spectra
The FTIR-ATR (Attenuated T otal Reflection) spectra of powders were measured with a Bruker Alpha-P spectrometer with a diamond ATR crystal (2 × 2 mm 2 ), equipped with a DTGS detector in the spectral range of 400 -4000 cm −1 (spectral resolution 4 cm −1 ). 24 scans of the sample were acquired. A correction for atmospheric influences using the Opus 7.0 software was performed.
The single-crystal Raman spectra of LaB 2 O 4 F were measured in the spectral range of 50 -4000 cm −1 with a Raman micro-spectrometer LabRAM HR-800 (HORIBA Jobin Yvon GmbH, Bensheim, Germany) and hundredfold magnification. The samples were excited using the 532 nm emission line of a frequency-doubled 100 mW Nd:YAG laser and the 633 nm mission line of a 17 mW helium neon laser under an Olympus 50 × objective lens. The size of the laser spot on the surface was approximately 1 µm. The scattered light was dispersed by an optical grating with 1800 lines mm −1 and collected by a 1024 × 256 open electrode CCD detector. The spectral resolution determined by measuring the Rayleigh line was less than 2 cm −1 . The spectra were recorded unpolarized. The accuracy of the Raman line shifts, calibrated by regularly measuring the Rayleigh line, was in the order of 0.5 cm −1 . Background and Raman bands were fitted by the built-in spectrometer software LabSpec to second order polynomial and convoluted Gaussian-Lorentzian functions, respectively.
DFT calculations
In addition to the experimentally recorded IR spectrum, quantum-chemical computations of harmonic vibrational frequencies were performed using the CRYSTAL09 program [15 -17] . An important step of a quantum-mechanical calculation of frequencies is the choice of adequate basis sets. A compromise has to be found balancing computational effort and accuracy of the results. To reduce the computational effort, a basis set with an effective core potential (ECP) for the lanthanum atom was chosen. A suitable basis set for the rare-earth atom was identified based on geometry optimizations of LaB 2 O 4 F. All-electron basis sets were employed for all boron [18] and oxygen [19] atoms. Out of these results of geometry optimizations of LaB 2 O 4 F, the well-tested ECP46MWB GUESS [20, 21] basis set was chosen for the lanthanum atom. All calculations were performed with the PBESOL functional [22] for the correlation-and exchangefunctional, and the SCF convergence for the energy was set to 10 −12 Eh. The overall computation time for the calculations of harmonic vibrational frequencies of LaB 2 O 4 F took five weeks on a cluster with 12 Intel Xeon CPU X5670 2.93 GHz processors.
Results and Discussion
Crystal structure of LaB 2 O 4 F
The new rare-earth fluoride borate LaB 2 O 4 F crystallizes in the orthorhombic space group Pbca (no. 61) Fig. 2 (color [26] , and the alkali metal borate α-LiBO 2 [27 -29] Tables 4 and 5 show the interatomic distances of LaB 2 O 4 F. For a detailed description of the structure, the reader is referred to the paper of the isotypic compound CeB 2 O 4 F [6] . In this work, we briefly compare the isotypic phases REB 2 O 4 F (RE = La, Ce) and the results of the DFT calculation.
The bond-valence sums of LaB 2 O 4 F were calculated from the crystal structure for all ions, using the bond-length/bond-strength concept (ΣV ) [33, 34] and the CHARDI concept (charge distribution in solids, ΣQ) [35] . The results of these calculations are listed in Table 6 and correspond well with the expected values of the formal ionic charges.
Furthermore, the MAPLE values (MAdelung Part of Lattice Energy) [36 -38] of LaB 2 O 4 F were calculated to compare them with the MAPLE values received from the summation of the binary components La 2 O 3 [39] , LaF 3 [40] , and the highpressure modification B 2 O 3 -II [41] . The value of 28 549 kJ mol Due to their isotypy, there is no large difference in the structures of LaB 2 O 4 F and CeB 2 O 4 F. Table 7 compares the unit cells, the coordination numbers of the rare-earth metal ions, and the bond lengths. A closer look at the lattice parameters a, b, and c reveals the typical rise due to the higher ionic radius of La 3+ , which is based on the lanthanoide contraction. Due to the fact that the size difference is marginally, no greater deviances of the bond lengths and angles are observed.
Vibrational spectroscopy
The spectrum of the FTIR-ATR measurement of LaB 2 O 4 F is displayed in Fig. 4 modes are detected between 1100 and 1450 cm −1 and between 600 and 800 cm −1 . No OH bands could be detected in the range of 3000 to 3600 cm −1 .
In order to complete the spectroscopic characterization, Raman spectroscopic measurements were performed on single crystals of LaB 2 O 4 F. In Fig. 5 , the Raman spectrum of LaB 2 O 4 F is displayed. Bands below 500 cm −1 can be interpreted by La-O/La-F bending and stretching modes as well as lattice vibrations. Modes above 1200 cm −1 , between 600 and 800, and at ∼ 500 cm −1 can be assigned to vibrations of the [BO 3 ] 3− groups [47, 48] .
In the case of LaB 2 O 4 F, one must consider that the trigonal-planar BO 3 units are linked to further boronoxygen units, forming infinite chains. Hence, every motion inside of one boron-oxygen unit induces motions in the connected units. Nevertheless, quantum- 
Quantum-mechanical calculations of harmonic vibrational frequencies
To validate the quality of the basis sets and the functional, a geometry optimization of LaB 2 O 4 F was performed. Starting from the single-crystal structure, the geometry optimization yielded deviations less than one per cent for the lattice parameters and the atomic positions. The calculations of the harmonic vibrational frequencies were performed with the optimized geometry. The calculated bands fit well with the experimental spectra of LaB 2 O 4 F, especially the IR spectrum. The deviation results out of the approximations in the DFT method and the calculation of just one unit cell. Calculations of larger systems (supercells of LaB 2 O 4 F) were not possible. Moreover, the calculation did not consider the temperature (297 K for the experiment). Furthermore, the addition of two Gaussian peaks in the experimental spectrum led to a shift of the maxima. The large number of theoretical modes prevents a complete assignment of all vibrational modes. The intensities of the IR-active modes were calculated and the results are shown in Figs. 4 and 5 .
The most intensive bands in the range of the experimental IR spectrum have been evaluated and compared with the experimental spectrum (Table 8 ). In the assignment, the highly condensed boron-oxygen framework must be considered. An exclusive stretching or bending motion inside a building unit is not possible. The evaluation of the IR bands shows that in the region of higher wavenumbers the excitation happened inside the trigonal [BO 3 ] 3− groups as boronoxygen stretching. As expected, the shortest boronoxygen bonds have the bands at the highest wavenumbers (B2-O4 = 130.9(8) pm → 1473 cm −1 and B1-O1 132.4(9) pm → 1410 cm −1 ). At 1068 cm −1 in the calculated spectrum and at 1060 cm −1 in the experimental spectrum, the B-O stretching mode of the longest boron-oxygen bond inside of the [BO 3 ] 3− group is observed. Bands at lower wavenumbers become more and more dominated by bending modes. In the region 690 -710 cm −1 (calculated at 692 cm −1 ), the first lanthanum-oxygen and lanthanum-fluoride stretching modes are observed.
Out of the large number of theoretical Raman bands and the unavailability to calculate the intensity of the modes in the CRYSTAL09 programm, the assignments of the Raman bands are more difficult. The discrepancy between the theoretical and the measured bands indicates the difficulties in the theoretical prediction of Raman bands. As in the IR spectrum, the mode at the highest wavenumber (1583 cm −1 ) corresponds to the shortest boron-oxygen bond (B2-O4 = 130.9(8) pm). Raman modes between 1400 -1500 cm −1 can be assigned to boron-oxygen stretching modes. In the range of 650 -800 cm −1 , bending modes b(B-O-B) are located. The strong band at about 400 cm −1 can be assigned to lanthanum-oxygen and lanthanum-fluoride stretching modes.
Conclusions
With the synthesis of LaB 2 O 4 F, the first compound isotypic to CeB 2 O 4 F has been discovered and characterized. In accordance with the relatively mild applied pressure of 1.1 GPa, the structure consists exclusively of trigonal-planar [BO 3 ] 3− groups linked to infinite chains. These chains represent a rare type of fundamental building block in the chemistry of borates. The syntheses of the isotypic compounds in the series REB 2 O 4 F for smaller rare-earth cations like praseodymium or neodymium will be subject of our future efforts.
